Although studies of the differentiation from mouse embryonic stem (ES) cells to vascular endothelial cells (ECs) provide an excellent model for investigating the molecular mechanisms underlying vascular development, temporal dynamics of gene expression and chromatin modifications have not been well studied. Herein, using transcriptomic and epigenomic analyses based on H3K4me3 and H3K27me3 modifications at a genome-wide scale, we analysed the EC differentiation steps from ES cells and crucial epigenetic modifications unique to ECs. We determined that Gata2, Fli1, Sox7 and Sox18 are master regulators of EC that are induced following expression of the haemangioblast commitment pioneer factor, Etv2. These master regulator gene loci were repressed by H3K27me3 throughout the mesoderm period but rapidly transitioned to histone modification switching from H3K27me3 to H3K4me3 after treatment with vascular endothelial growth factor. SiRNA knockdown experiments indicated that these regulators are indispensable not only for proper EC differentiation but also for blocking the commitment to other closely aligned lineages. Collectively, our detailed epigenetic analysis may provide an advanced model for understanding temporal regulation of chromatin signatures and resulting gene expression profiles during EC commitment. These studies may inform the future development of methods to stimulate the vascular endothelium for regenerative medicine.
INTRODUCTION
To date, many studies on vascular development have consisted of gene knockout and knockdown experiments using mice and zebrafish (1) (2) (3) (4) (5) (6) . Although these studies resulted in new discoveries related to vascular development in vertebrates, they could not identify the precise molecular mechanisms underlying vascular endothelial cell (EC) differentiation. Recent studies indicated that embryonic stem (ES) cell differentiation recapitulates endogenous developmental processes, including vascular development (7) . Therefore, the detailed investigation of EC differentiation from ES cells may provide valuable insights into EC development following mature vascularization in vivo. Because the vascular network is indispensable for homeostasis in the human body, the most effective EC differentiation system is required for future regenerative medicine.
It was recently proposed that some transcription factor networks determine cell fate (8, 9) . For example, four transcription factors, i.e. Klf4, Oct4, Sox2 and c-Myc are sufficient to reprogram somatic cells to pluripotent cells (10) . In relation to vascular ECs, transient ETV2 expression and suppression of TGF␤ with constitutive expression of FLI1 and ERG can induce direct conversion from amniotic cells to mature ECs (11) . It was recently reported that the unique Ets family transcription factor Etv2 directly converts human fibroblasts into ECs (12) . Several combinations of transcription factors induce or directly mediate the conversion to not only ECs but also cardiomyocytes; thus, transcription factors are able to maintain the specificity of terminally differentiated cells. However, the mechanism by which the epigenetic modifications are erased and re-written during EC fate determination and conversion is largely unknown.
Recent advances in next-generation sequencing have clarified that not only the expression of transcription factors but also epigenetic modifications including DNA methylation and histone modification influence gene expression, resulting in differences between cell types (13) . Therefore, the machinery underlying gene expression and differentiation to ECs might be determined by lineage-specific transcription factors in concert with the specific epigenetic modulators. We previously reported that the transcription factor GATA2 regulates EC-specific gene expression through epigenetic modifications, in particular with histone modifications and chromatin conformation changes (14) . We demonstrated that GATA2 binds to and upregulates ECspecific genes, and also represses cell transition factors such as TGF␤, Snail and Slug (14) . However, the epigenetic mechanisms of the EC-specific differentiation system mediated by GATA2 and other transcription factors remain to be elucidated.
The Sox transcription factor family consists of 20 members in mice, classified into eight groups (15) . Among these, SoxF factors, including Sox7, Sox17 and Sox18, specifically bind to the consensus sequence 5 -(A/T)(A/T)CAA(A/T)G-3 (16, 17) . Many studies have indicated that Sox factors play pivotal roles in embryonic development. In particular, SoxF factors are related to cardiovascular development and EC differentiation (1, 18) . In fact, although SoxF factor-null mice exhibit severe vascular defects, a comprehensive analysis of each SoxF gene target has not been performed.
In this study, we conducted sequential microarray and chromatin immunoprecipitation-sequencing (ChIPseq) analyses on our previously established EC differentiation system (19) . Our results indicate that four transcription factors, i.e. Gata2, Fli1, Sox7 and Sox18, were induced after expression of Etv2 mediated via vascular endothelial growth factor (VEGF) stimulation. In addition, these four transcription factors had switched histone modifications, from H3K27me3 to H3K4me3, after VEGF stimulation. Knockdown of these factors enabled us to comprehensively identify their downstream target genes. Moreover, knockdown of all four transcription factors almost completely abrogated EC differentiation. Comprehensive gene expression analysis indicated that these transcription factors not only upregulated EC-specific genes but also downregulated other lineage commitment genes. By using bioinformatics approaches, we uncovered the essential combinations of transcription factors essential for EC commitment and the epigenetic landscape during EC differentiation. These results might contribute to the development of an efficient EC differentiation method, and to the evaluation of high-quality ECs for regenerative medicine.
MATERIALS AND METHODS

Cell culture
Mouse ES cells were maintained as previously described (20) . Induction of differentiation was performed using differentiation medium (DM; ␣ minimal essential medium (MEM; Gibco, Carlsbad, CA, USA) supplemented with 10% foetal calf serum (Japan Bioserum Co Ltd, Hiroshima, Japan) and 5 × 10 −5 M 2-mercaptoethanol (Gibco)) as previously described (7) . In brief, undifferentiated ES cells were cultured without leukaemia inhibitory factor on collagencoated dishes (Becton Dickson, Bedford, MA, USA) at a cell density of 0.75 to 1 × 10 3 cells/cm 2 for 96 h. Cells were harvested and purified by magnetic cell sorting (MACS) with an anti-Flk-1 antibody. Purified Flk-1-positive cells were seeded onto collagen-coated dishes at a density of 0.75 to 1 × 10 4 cells/cm 2 in DM.
RNA collection and DNA microarray
Total RNA from mouse ES cells at 0, 6, 12, 24 and 48 h after stimulation with or without VEGF was collected and purified using the RNeasy Micro kit (QIAGEN, Hilden, Germany). Preparation of the cDNA and hybridization of the probe arrays were performed according to the manufacturer's instructions (Affymetrix, Santa Clara, CA, USA). Affymetrix GeneChip Mouse Genome 430 2.0 arrays containing over 39 000 transcripts were applied. Data were analysed according to the minimum information about a microarray experiment rule. The raw intensity data for each experiment were first normalized by Robust Multi-array Average algorithm (21) . After removal of batch effects with ComBat (22), 44 754 probes were selected and used to create the heat maps. Additional RNA reverse transcription and quantitative polymerase chain reaction (qPCR) protocols are described in Supplementary Methods.
Creating heat maps by microarray data
From among 44 754 probes in Affymetrix GeneChip arrays, gene selections were performed following the pre-set criteria as described below. Specifically, gene sets correlating to EC differentiation were chosen according to average differences in gene expression score following VEGF stimulation of over 300, and exhibiting a fold change of >3.0 compared to the non-stimulated cells and ES cells. These thresholds minimized random noise fluctuations to the greatest possible degree. Alternatively, gene sets correlating to siRNA-mediated inhibition of EC differentiation were chosen based on the average differences in gene expression score of differentiated EC cells being over 100.0, and with a Z-score of the fold change compared to singlegene knockdown of more than 2.0. Selected genes were classified into clusters corresponding to the specific up-or downregulated patterns of gene expression yielded by each siRNA in the Gata2/Sox7/Sox18/Fli1 knockdown condition, using a hierarchal clustering algorithm, HOPACH (24, 25) . The prepared DNA was quantified using Qbit (Life Technologies) and more than 10 ng of DNA was processed for the ChIP-seq assay. ChIP-DNA was prepared for sequencing according to a modified version of the genomic DNA protocol (Illumina, San Diego, CA, USA). Additional detailed procedures are provided in Supplementary Methods.
ChIP-seq data analysis
The sequence reads of the DNA fragments obtained by chromatin ChIP for H3K4me3, H3K27me3 and INPUT control were mapped onto a reference mouse genome, mm9, using the Illumina alignment program ELAND (included in the CASAVA 1.8.2 platform). The read enrichment (i.e. the normalized numbers of the sequence reads mapped onto the particular genomic sites) on the promoter of each gene was calculated within 1000 bp upstream/downstream of the transcription start site (TSS). Based on the total of 10 values from the read enrichments for each 5 samples of H3K4me3 and H3K27me3, the genes selected by the gene expression profiles were classified into 4 classes. Details of the data processing are available upon request and additional information on the analysis related to the reproducibility testing with duplicate ChIP-seq experiments is provided in the Supplementary Methods.
Histone modification heat map
H3K4me3 and H3K27me3 modification levels were analysed by using the Integrated Genome Viewer with ChIPseq around the TSSs (upstream/downstream 1000 bp from TSS) of the identified genes in VEGF-stimulated cells. The modification levels were defined as the number of sequence reads mapped within 1000 bp upstream/downstream of the TSSs, and were normalized by the number of total reads and the size of the target promoter regions (i.e. 2000 bp).
Identification of highly expressed genes in ECs
To identify genes that exhibit an EC-specific pattern, we utilized the expression profiles generated using Affymetrix HT Human Genome U133A and U133B The raw data of the total 15 ECs and 29 non-ECs were normalized using RMA normalization (21) and corrected for batch effect using ComBat (22) . To identify differentially and highly expressed genes in ECs compared to non-ECs, a one-sided Welch's t-test was applied to the data from each gene. Genes were considered highly expressed if they had a false discovery rate (FDR)-adjusted P-value bellow 0.001. This EC-specific gene set was further ranked on the basis of the FDR-adjusted P-value and used for further analysis.
Visualization and comparison of mouse cells during EC differentiation and isolated from defined normal tissues
To investigate the transition state of the cells during EC development and compare these cells with those of various types of normal mouse tissues, the expression profiles of 61 tissue types from native male C57BL6 mice were downloaded from the NCBI Gene Expression Omnibus (GEO accession number: GSE10246). The raw data were normalized using the MAS5 algorithm (Median score of gene expression: 500), log2-transformed and corrected for batch effect using ComBat (22) . We focused on the top 100 ranked highly expressed genes in human ECs that mapped to their 79 mouse orthologues based on Ingenuity Knowledge Base (http://www.ingenuity.com/science/knowledge-base). To visualize the cells in the presence or absence of VEGF as well as the mouse normal tissues in three-dimensional (3D) space, classical multi-dimensional scaling (MDS) was performed on the expression profiles of the 79 EC-specific genes.
Immunostaining
Immunostaining for cultured cells was performed as described previously (20) . Briefly, 4% paraformaldehyde-fixed were used as secondary antibodies. Nuclei were visualized with 4 ,6 diamidino-2-phenylindole (DAPI) (Invitrogen). Pecam1 and ␣-Smooth muscle actin (SMA) positive cells were visualized using a phycoerythrin-conjugated antiPecam1 antibody (1:300; Mec13.3, BD Pharmingen, San Diego, CA, USA) or anti-␣-SMA antibody (1:300; 1A4, Sigma-Aldrich, St Louis, MO, USA). Stained cells were photographed using an inverted fluorescence microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan) and an AxioCam HRc digital camera system, and the images were processed using AxioVision software (Carl Zeiss, Oberkochen, Germany).
Cell sorting and flow cytometry
After induction of Flk-1 positive cells, cultured cells were harvested and stained with an allophycocyanin (APC)-conjugated anti-Flk1 antibody (AVAS12). Flk-1 positive cells were sorted by auto MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) using anti-APC MicroBeads (Miltenyi Biotec). At day 2 after Flk-1 sorting, cultured cells were harvested and stained with monoclonal antibodies for phycoerythrin-conjugated Pecam1 (Mec13.3, BD Pharmingen) or VE-cadherin (11D4.1, BD Pharmingen), and then subjected to analysis by FACS Aria (Becton Dickinson, Monona, WI, USA).
Data access
The array and sequence data can be accessed through the Gene Expression Omnibus (GEO) under NCBI accession number GSE94829.
Statistical analysis
Data are represented as mean ± standard deviations of at least three independent experiments. Unless otherwise stated, statistical significance between multiple samples was determined by ANOVA to ensure comparable variance, then individual comparisons performed by Bonferroni post-hoc test (KaleidaGraph 4.1 Synergy Software, Inc. Japan). Statistical significance between two groups was determined by standard two-tailed Student's t-test. Comparison of gene ontology sets was assessed using the EASE Score test, a modified Fisher Exact P-value (https://david. ncifcrf.gov/). P < 0.05 was considered significant. An FDR < 1% was used for ChIP-seq experiments to differentially regulated genes.
RESULTS
Identification of highly expressed genes in ECs
First, to characterize the endothelial-specific gene regulation, we identified genes exclusively expressed in ECs. The expression profiles of the 15 EC and 29 non-EC lines studies were downloaded from our RefExA database and the NCBI GEO database (GSE21212). After normalization and preprocessing of the data, we generated a list of 200 genes that were significantly differentially and highly expressed in ECs compared to non-ECs with -log10(q-value) >3 (Supplementary Table S1 ), as well as a heat map of the expression profiles for the 200 EC-genes (Supplementary Figure S1) . Consistent with our previous arrays in ECs, Flk-1, Endomucin (EMCN), VE-cadherin and Pecam1 were selected as EC-specific expressed genes (14) . Moreover, ECs and nonECs were completely separated based on the comparative unbiased gene expression levels even if the cells that were spatially closely aligned to ECs, such as blood cells (lymphocytes) and smooth muscle cells (SMCs), were separately defined as a completely independent cluster (Supplementary Figure S1 ).
Model of EC differentiation from mouse embryonic stem cells
Next, we wished to investigate how comprehensive gene expression patterns change during EC differentiation. To that end, we used our previously reported EC differentiation system (19) for generation of ECs from mouse ES cells. In this system, Flk-1-positive cells differentiated into ECs in the presence of VEGF, whereas cells differentiated into SMCs in the absence of VEGF ( Figure 1A ). Consistent with previous report, only these two cell types (ECs and SMCs) are produced in this in vitro culture system (7). We confirmed EC differentiation using the selected EC-specific markers, Pecam1 and VE-cadherin, from Supplementary Table S1 (6) . In a FACS analysis, 40.5% of the cells were Pecam1 and VE-Cadherin double positive, which was considered as representing the EC fraction, 48 h after VEGF stimulation ( Figure 1B ). In contrast, only a small proportion (2.7%) differentiated into ECs in the absence of VEGF ( Figure 1B) . Immunocytochemistry indicated that Pecam1-positive cells were obviously induced under VEGF stimulation. In contrast, most cells differentiated into ␣-SMA-positive-SMC populations in the absence of VEGF ( Figure 1C ). These data demonstrate that this differentiation system is suitable for further surveying the comprehensive analysis of gene expression status and epigenetic modifications during EC differentiation.
Genome-wide transcriptome analyses from the EC differentiation
To analyse gene expression profiles, we performed microarray analyses at 0, 6, 12, 24 and 48 h after treatment of the cells in the presence or absence of VEGF. To investigate the transition state of the cells during endothelial development and compare the cells with the 61 mouse normal tissues in the GNF Mouse Gene Atlas (26), we focused on the top 100 EC-specific genes in humans that had been mapped to their 79 mouse orthologues. The expression profiles and heat maps of the 79 EC-specific genes for the cells undergoing EC differentiation and the 61 normal mouse tissues are described in Supplementary Table S2 and Figure S2 . We further performed classical MDS based on the expression profiles of the 79 EC-specific genes in mouse to map the cells in the presence or absence of VEGF along with the 61 mouse normal tissues to the 3D space ( Figure 2A ). As shown in Figure 2A , FLK-1-positive cells gradually differentiated into ECs in the presence of VEGF on the 3D subspace of MDS.
Next, we searched the genes upregulated via VEGF during EC differentiation. Microarray data obtained from cells cultured in the following conditions were analysed. ES and Flk-1-positive mesoderm cells were sequentially analysed for 0, 6, 12, 24 and 48 h in the presence or absence of VEGF ( Figure 2B ). In total, we could identify 97 genes as an EC differentiation related genes, which were then classified into five clusters depending on the time-course oriented expression pattern ( Figure 2B and Supplementary Table S3). Moreover, to verify how Pecam1 and Sma positive cells develop in this culture on the time course, after treatment with or without VEGF, we carried out qPCR analysis with Pecam1 and Sma specific primers at the indicated time points. Significant induction of Pecam1 started after 48 h for VEGF treatment. However, Pecam1 was barely expressed in the absence VEGF. In contrast, Sma expression was markedly and gradually induced without VEGF treatment (Supplementary Figure S3) . Even though only a small but significant induction of Sma mRNA was observed in the presence of VEGF, the levels were much weaker than in the absence of VEGF (Supplementary Figure S3) . These data suggested that VEGF inhibited non-EC lineage differentiation from the Flk-1-positive multi-potent cells. To further investigate the relationship between VEGFresponsive genes and gene function, we performed functional clustering using the Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david. abcc.ncifcrf.gov/). This functional heat map illustrated that genes were specifically induced at each time point with clusters 1-5. Cluster 1 included Kdr, Hey1, T and Foxc2, which are involved in function, vascular development and cell fate commitment based on Gene Ontology (GO) terms (Figure 2C) . Clusters 2, 3 and 4 include genes expressed during EC differentiation such as Gata2, Sox7, Sox17, Sox18, Fli1 and Etv2. These genes are related to 'sequence-specific DNA binding' (clusters 2 and 3, Figure 2C ), 'angiogenesis' and 'vasculogenesis' (cluster 4, Figure 2C ) based on GO terms. Finally, cluster 5 included many endothelial specific marker genes including VE-cadherin, Emcn, Esam, Tie1 and Claudin5. These genes were termed as 'cell adhesion' and 'biological adhesion' genes based on GO terms (Figure 2C) . We validated the upregulation of representative genes involved in each cluster by using qPCR with independent samples ( Figure 2D ). Although some of the ECinducible genes were expressed at levels lower than those determined by microarray analysis, it was clear that their expression in the cells cultured in the absence of VEGF was much lower than that in the VEGF-stimulated cells. Taken together, these data indicate that lineage-specific transcription factors as shown in clusters 2, 3 and 4 were primarily induced, followed by the upregulation of cell-surface or cell type-specific genes as shown in cluster 5 during the later stage of EC differentiation.
Dynamically changing chromatin states during EC differentiation
The chromatin signature is crucial for transcriptional regulation (13) . However, its role during EC differentiation is largely unknown. To gain insight into histone modification patterns during EC differentiation, we performed biologically duplicate ChIP-seq for H3K4me3 and H3K27me3 in Flk-1 sorted cells with or without VEGF treatment for 0, 6 and 48 h. Histone code mapping (using biologic duplicates) in the presence or absence of VEGF gave quite similar patterns in the genome-wide scale (R 2 > 0.88) (Supplementary Figure S4 ). H3K4me3 and H3K27me3 marks on the genomic regions are considered as representing transcriptionally active and silent genes, respectively (27) . Across all conditions, H3K4me3 modification patterns with respect to TSS showed narrow peaks around the TSS such as in the ␤-actin (Actb) and Gapdh loci (Supplementary Figure S5C  and D) . In contrast, H3K27me3 modification patterns covered whole gene bodies such as the Hox cluster genes located in chromosome 6 (Supplementary Figure S5E) .
Among the 200 EC-specific genes as selected in Supplementary Figure S1 , our data indicated that H3K4me3 marks were only elevated in EC differentiated cells via VEGF, compared with the enrichment levels around promoter regions ( Figure 3A) . Moreover, H3K27me3 marks were abundantly detected during the Flk-1 sorted mesenchymal stage, but gradually decreased under VEGF stimulation ( Figure 3B, left) . In contrast, the H3K27me3 enrichment levels in non-EC-specific genes were relatively low and did not change around promoter regions under the VEGF stimulation ( Figure 3B, right) . These results suggest that our initial global epigenetic profiles indicated during EC differentiation corresponded with the mRNA expression patterns at a genome-wide level.
Next, we examined how chromatin patterns were dynamically changed during the EC differentiation steps in VEGFstimulated cells. Thus, described four classes, based on the modification of H3K4me3 and H3K27me3 levels at 6 and 48 h after the VEGF stimulation ( Figure 3C and Supplementary Table S4 ). Notably, we found that genes with high levels of H3K4me3 at 48 h after the VEGF stimulation presented two separate H3K27me3 modification patterns during the stages treated with VEGF for 0 and 6 h. Genes in Class 1 included active transcription factors such as Gata2 and Fli1 that had high levels of H3K27me3 in the stages after 0 and 6 h of VEGF treatment, indicating that these genes were repressed during the undifferentiated stage but that histone modification switching occurred with VEGF treatment. Moreover, the EC pioneer factor, Etv2, presented unique H3K27me3 modification patterns in the mesenchymal cell stage ( Figure 3D ). The H3K27me3 marks that were highly enriched on the Etv2 3 -end region quickly disappeared after the EC differentiation stimuli. Instead of the repressive mark, transcriptionally permissive H3K4me3 levels gradually increased at the Etv2 5 -proximal promoter region ( Figure 3D and Supplementary Figure S5A ). In contrast, the class 3 genes including Cdh5 (VE-cadherin), Egfl7, Rhoj and Aplnr, showed a lack of H3K27me3 enrichment of the regulatory regions but exhibited H3K4me3 marks after the EC fate fixation stage at 48 h after the VEGF treatment, which was considered to regulate their constitutive expression in ECs (Supplementary Figure S5B, F, G and H) .
Subsequently, to examine the relationship between histone modification pattern and gene function, we performed functional annotation using DAVID. As shown in Figure  3E , class 1 genes included Gata2, Tal1, Fli1, Lmo2, Foxc2, Sox7, Sox17 and Sox18 (the histone codes are shown in Supplementary Figure S5I -O), which are transcription factors and associated with angiogenesis, blood vessel development and vasculature development. Taken together, these results suggest that EC differentiation-correlated transcriptional regulators acquire specific histone modification patterns and that such epigenetic changes direct the accurate EC differentiation via a transcription factor expression cascade.
Identification of the transcriptional network for vascular development
We next sought to determine the critical transcription factors for EC differentiation from the combination of global expression data and the histone dynamics. From the microarray data of VEGF-treated time points, we selected 44 potential EC regulators, which were in clusters 2, 3 and 4 in Figure 2B (a detailed gene list is shown in Supplementary Table S3 ). In comparison, dynamic histone modification analysis suggested that 29 genes displayed a histone switching pattern from H3K27me3 to H3K4me3 (Histone class 1; detailed gene lists are shown in Supplementary Table S4 ); these were also considered as EC regulators. Figure 4A ). Among these, half were DNA binding transcription factors, four genes encoded membrane proteins and three genes were classified as encoding cytoplasm expressed proteins. However, the remaining gene, gcom1, was annotated as being of unknown function ( Figure 4A ). Considering the relationship between chromatin dynamics and expression profiling, we considered that the listed seven transcription factors likely included the critical determinant factors for EC definition.
Recently, many studies have demonstrated that enhancer regions are important to determine cell fate and specificity, in addition to promoter regions (28) (29) (30) ; therefore, we considered using motif analysis in the enhancer regions. We believe that not only gene expression and histone dynamics data but also enhancer analysis would be useful to determine the master transcription factors in EC differentiation. However, to date no information is available regarding defined ECs in mouse and it is very difficult to obtain the necessary enhancer information from ES cell-derived ECs owing to the limited available cell volume in this differentiation system. Therefore, we chose to utilize HUVECs as a well-defined primary culture mature EC system and carried out formaldehyde-assisted isolation of regulatory elements (FAIRE)-seq to determine open chromatin regions (31) and obtain de novo motif identification analysis within the enhancer data from ECs. As shown in Figure 4B , the MODIC method mediated (32) predicted sequence motifs from FAIRE-seq that corresponded to binding motifs were for AP-1, GATA, ETS and the SOX family. Notably, our chosen list in Figure 4A corresponded to each family; i.e. GATA2, FLI1 and SOX 7/17/18 transcription factors. Moreover, all the identified transcription factors had been revealed as exhibiting 'histone switch' from H3K27me3 to H3K4me3 during EC differentiation ( Figure 4C and Supplementary Figure S5J ). Taken together, the results of these genomic and epigenomic approaches suggested that Gata2, Fli1 and Sox 7/17/18 are candidates as master regulators for EC differentiation.
Next, to verity the importance of these transcription factors at the functional level, in addition to the expression level and histone code profiling, we performed knockdown experiments using each siRNA following the indicated time points during EC differentiation ( Figure 5A ). In these knockdown experiments, we confirmed the knockdown efficiency by qPCR at day 2 after the VEGF stimulation (Supplementary Figure S6A) . Compared with the si-control, only the siRNA against Sox17 failed to show any defects in differentiation to ECs, as determined by the EC-specific expression of Pecam1 and VE-cadherin (Supplementary Figure S6B and C). However, among the reminder of the gene lists, siRNA against either Gata2, Sox7, Fli1 or Sox18 slightly blocked EC differentiation whereas it was almost abrogated by the combined siRNAs against all four factors ( Figure 5B and C) . Immunocytochemistry with antibodies against Pecam1 also showed that each siRNA and the combined siRNAs treatment significantly and completely arrested the EC differentiation, respectively ( Figure  5D ). In addition, as a negative control for Ets and the cluster shown in Figure 4A , we utilized siRNAs against Ets1 and Ubash3b, respectively. These siRNA treatments failed to interfere with EC differentiation following VEGF treatment (Supplementary Figure S6D) . Together, these data demonstrate that four transcription factors with Gata2, Fli1, Sox 7 and Sox18 are indispensable for mature EC fate definition. Even if the expression of one of these transcription factors is knocked down, terminal EC differentiation was significantly impaired.
The master transcription factors contribute to EC-lineage commitment via separate downstream target genes
Because Gata2, Fli1, Sox7 and Sox18 are transcription factors that do not have well-recognized downstream target genes for the EC fate determination period, we performed a microarray analysis following each siRNA transfection during the EC differentiation step. We first identified a total of 97 genes that were induced at the EC differentiation step and showed reduction in the presence of siRNAs against the combined four master transcription factors. All selected genes were sorted in ascending order of their knockdown pattern ( Figure 6A and Supplementary Table S5) . Notably, each transcription factor-regulated downstream gene set did not completely overlap. For example, Gata2 knockdown reduced the expression of Etv2, Tal1 and Sox18, which are included in cluster 2, 3 and 4 gene expression profiles in Figure 2B . As shown in the pie-chart in Figure 6B , the gene sets categorized with orange, green and blue colours were predominantly reduced by si-Gata2 treatment. In contrast, Sox18 knockdown led to reduced expression of the EC marker genes Cdh5, Tie1 and Erg, which are included in the cluster 5 gene expression profile in Figure 2B . This demonstrated the lowest population of gene sets with orange and green colours, whereas the highest population included those having light blue and blue colours in the piechart ( Figure 6B and Supplementary Table S6 ). In addition, si-Fli1 reduced the expression of Arhgap18, Foxc2 and Emcn, whereas si-Sox7 reduced the expression of a different gene set with Cdh5, Lmo2 and Tie1. Collectively, these findings suggest that among the four transcription factors, Gata2 and Sox18 upregulated genes in the early-and latephase of EC differentiation, respectively, and Fli1 and Sox7 upregulated separate genes during EC differentiation (Supplementary Figure S7 and Table S7 ).
Subsequently, we considered the upregulated gene set obtained by the silencing of these four transcription factors. Notably, the selected heat map revealed that the genes commonly induced via siRNAs against the four master regu- Figure 2B and histone class 1 in Figure 3C . The numbers indicate the overlapped or unique genes count. The common 15 genes are classified by GO term (right panel). (B) Determination of enriched transcription factor motifs calculated from the enhancer regions of HUVECs database. The MODIC method (32) was used for identification of enriched sequences and the size of the character reflects the degree of enrichment. E-value and P-value indicate the probability that de novo enriched sequences obtained from FAIRE-seq are matched to the shown 'Web logo' and known consensus motifs by chance, respectively. (C) UCSC mm9 genome browser view around Gata2, Fli1, Sox7 and Sox18 genes. ChIP-seq tags were calculated by MACS and are shown in IGV. H3K4me3 peaks were shown in red, and H3K27me3 were in blue.
lators (cluster 1) was not dominant; rather, each transcription factor revealed a unique downstream gene set (clusters 2-15) ( Figure 6C ). Moreover, these induced gene groups involved non-EC expressed genes ( Figure 6C and Supplementary Table S8 ). For example, SMC marker genes involving smooth muscle actin ␣, ␣-SMA (Acta2) and Myom1 (cluster 4) were upregulated in si-Gata2 and si-Fli1 transfected cells. Haemoglobin β (Hbb) in the si-Fli1-unique cluster 12 and Runx1 in cluster 3 belong to the haematopoietic cell lineage. Nkx2.5 is a cardiomyocyte marker gene, which was in the si-Sox18-unique cluster 15. In addition, each EC differentiation master transcription factor was divided according to functional cluster ( Figure 6D ). Representatively, si-Fli1 transfection upregulated Krt19 (cluster10), Actc1(cluster 12) and Acta2 (cluster 4), which are classified as contractile fibre or sarcomere genes by DAVID analysis ( Figure 6D ). Taken together, these findings suggest that the identified EC master transcriptional factors not only upregulate EC-specifically expressed genes but also downregulate expression of the other lineage commitment genes ( Figure 6E ).
DISCUSSION
In this study, we characterized dynamic chromatin state transitions during murine EC differentiation from ES cells to provide insights into the coordinated regulation of histone modifications and mRNA expression. In ES cells, several studies have reported that important developmental genes are completely modified with both H3K4me3 and H3K27me3; these are termed 'bivalent' (33, 34) . However, our histone code dataset obtained with two separate time points after the Flk-1 positive mesoderm stage clearly indicated the increase of H3K4me3 marks following the reduction of H3K27me3 marks, rather than the bivalent switch. Such 'histone switching' was suggested to be extremely crucial for EC differentiation. We believe that our study provides the first global histone modification and gene expression profile database on ECs differentiated from common progenitors, though the complete epigenome databases were reported from other differentiation lineages (e.g. cardiomyocytes) (35) .
H3K27 acetylation marks at genomic loci distal to the promoters provide a means to identify candidate enhancer motifs (36) . Recent comprehensive analyses for genomewide mapping of enhancer features resulted in a number of striking discoveries that enhancer activation is crucial for specific lineage differentiation (29) . We determined that AP1, SOX17/18, ETS and GATA2 motifs are highly enriched using FAIRE-seq data in HUVECs compared with Figure 5B ). In addition, based on genetic and epigenetic data on EC differentiation, Fli1, Sox7, Tal1, Sox17, Sox18, Lmo2 and Gata2 are predicted to be indispensable transcription factors. Additionally, the target genes of each transcription factor differed according to our microarray data. From this analysis demonstrated that we could apply this integration method between histone switching genes and expression profiles to identify master regulators in various situations, including cell lineage differentiation.
Flk-1-positive mesoderm cells are known to give rise to not only ECs and blood cells, but also to other mesoderm lineage cells including vascular smooth muscle cells, cardiomyocytes and skeletal muscle cells (37) . We found that the EC fate determinant transcription factors Gata2, Sox7, Sox18 and Fli1 functioned not only to differentiate to ECs but also to block differentiation to another lineage. Our comprehensive analyses with siRNA against the critical transcription factors indicate that Gata2 and Fli1 cooperatively inhibited the expression of blood cell or vascular smooth muscle cell marker genes. Similarly, Sox18 and Gata2 blocked cardiomyocyte commitment and Sox7 represses epithelial-mesenchymal transition-related genes. Moreover, all of these transcription factors could be inhibitory toward skeletal muscle cell differentiation. It is also interesting to note that Nanog and Sox2, as pluripotency markers (38) , were identified in the induced gene group through the knockdown of these EC fate determination transcription factors (Supplementary Table S7 ). These results suggest that master transcription factors for specific lineages repress not only differentiation to closely aligned lineage cells but also repress potential commitment to far distant lineages through reprogramming.
Several studies have indicated that Etv2 is essential for development of the endothelial lineage in mice. Etv2 expression is detected in the earliest vessels (E8.25-E9.5) in embryos, followed by a sharp reduction beyond E11.5 (39, 40) . Consistent these in vivo findings, Etv2 was also transiently expressed and declined quickly in our in vitro experimental method ( Figure 2B ), which may suggest that a similar Etv2 activation system was functioning during the EC differentiation stage. Etv2 is widely known to be crucial for early vascular development; however, little is known regarding its downstream genes. Recently, the cooperative interaction of Etv2 and Gata2 was shown to be necessary for endothelial development using a co-immunoprecipitation assay (41) . As shown in Figure 6A , si-Gata2 affected cluster 2 and 3 genes, including Etv2, as noted in Figure 2B , which are early-activated genes. In addition, we have previously reported that si-Etv2-reduced Gata2 mRNA expression (42) . These results thus suggest that Gata2 regulates early-activated genes in cooperation with Etv2.
In addition to Etv2, it is generally accepted that transcription factors from the Ets family such as Ets1, Ets2, Fli1 and Erg are important for EC differentiation and maintenance (3, 43, 44) . Furthermore, in the direct conversion from amniotic cells to functional ECs, enforced expression of Fli1 and ERG after transient Etv2 expression contributes to provide fully differentiated ECs (11) . Consistent with the previous report of direct conversion, our findings present the first evidence for the expression of the 'Ets switch' from Etv2 to Fli1 and Erg ( Figure 2B ). Regarding histone modifications of Ets family protein genes, Etv2 and Fli1 presented repressive marks in the Flk-1 sorted cells and switched to active histone marks during differentiation. In sharp contrast, the gene for another Ets family protein, Erg, carried no repressive marks and presented the H3K4me3 mark after the EC fate determination, at 48 h after the VEGF stimulation ( Figure 3D ). These results suggest that during EC differentiation, the Etv2, Fli1 and Erg expression relay is epigenetically controlled and rigidly expressed following this order. Among the ETS family proteins, the detailed molecular mechanisms underlying their binding affinity on the DNA and the functional differences are largely unknown, although the Ets binding consensus sequence is observed in more than 200 genes involved in angiogenesis and haematopoiesis (45) . ETS binding profiles therefore warrant further investigation.
Among 20 Sox transcription factors in mice, SoxF factors are reported to have functional and redundant roles in cardiovascular development in vivo (18, 46) . Our comprehensive expression and histone modification data clearly identified Sox7, 17 and 18 as candidates for master regulators of EC differentiation ( Figure 4A ). Consistent with this, Sox7 and 18 knockdown demonstrated abrogation of EC differentiation; however, Sox17 knockdown had little effect on EC fate definition in our in vitro EC differentiation model (Supplementary Figure S5B and C) . The data that Sox17 may be independent of EC fate determination appears to differ from a previous report demonstrating that all SoxF family members mediate cardiovascular development in mice (4, 18) . Our data reflect the direct VEGF-mediated EC differentiation from ES cells. In contrast, cardiovascular development in vivo would reflect the complex final outcome, with spatially and temporally different microenvironments. Moreover, the SoxF family is believed to have redundant roles, especially between Sox17 and 18 (46) . However, as the target genes regulated by Sox7 or 18 were different according to our microarray data ( Figure 6A-C Nucleic Acids Research, 2017, Vol. 45, No. 8 4357 SoxF expression profiles and functions during EC development.
